Introduction
Potential benefits of coil embolization of ruptured intracranial aneurysms may be jeopardized by the occurrence of angiographic recurrences, a persisting concern for future hemorrages 1, 2 .
Recurrences are more frequent when residual flow persists at the neck of incompletely treated aneurysms 2 , but even when angiographic occlusion is documented in certain animal models, recanalization occurs routinely after coil embolization 3, 4 . Coil embolization leads to occlusion through the formation of thrombus, and this thrombus is organized into a neointima sealing the neck of aneurysms, or recanalized through a cellular process that can be inhibited by in situ beta radiation 3, 4 
, or by

Summary
Recanalization after coil occlusion is a concern for long-term results of endovascular treatment. Knowledge of molecular events following coil occlusion and recanalization could help design specific strategies to promote permanent occlusion.
Platinum coils were implanted into canine maxillary, vertebral or lingual arteries. Coil occlusion (treatment 1), routinely followed by recanalization was compared with two strategies to prevent recanalization: beta radiation using 32 P coils (treatment 2) and endothelial denudation, using an endovascular device, followed by coil occlusion (treatment 3).
The evolution of initial complete occlusions was followed by angiography and pathology at three months. Levels of messenger RNA of vWF (von Willebrand factor), SMA (smooth muscle actin), CD14, CD31 (or PECAM-1: Platelet Endothelial Cell Adhesion Molecule-1), PDGF-BB (platelet-derived growth factor), TGF-b1 (transforming growth factor), MCP-1 (macrophage chemoattractant protein), Angiopoietins, Metalloproteinases-9, 14 and inhibitors 4) were followed by Reverse Transcription and Polymerase Chain Reaction (RT-PCR). Analyses were performed one, four, seven and 14 days after coiling, and levels of expression after the three treatments were compared using ANOVAs.
Endovascular Treatment with Platinum Coils 94 endothelial denudation prior to coil deposition 5, 6 .
There is little information regarding molecular expression associated with organization and healing, or recanalization and recurrence after coil occlusion. A better understanding of presumably more fundamental molecular phenomena might permit their modulation to improve the long-term outcome of endovascular treatment of aneurysms 7 .
The expression of numerous molecules could have been explored in the current study. In the absence of an accepted paradigm to orient research we reviewed various vascular pathophysiological models in a search for analogies. Organization and recanalization of thrombus may share conceptual mechanisms with neointima formation and angiogenesis respectively (reviewed in 7 ). Thus we chose to address first mRNA levels of endothelial and neointimal cell markers, growth factors as well as metalloproteinases and their inhibitors reported to be involved in these phenomena.
A comparative exploration of gene expression in our arterial model in which constant recanalization after coil occlusion can reliably be prevented by two different approaches could identify key molecular events responsible for, or at least associated with, the favourable or unfavourable evolution of therapeutic occlusions.
Material and Methods
All experimental procedures were approved by our Institutional Animal Care and Use Committee and performed in compliance with guidelines of the Canadian Council on Animal Care. All procedures were performed under general anaesthesia. Beagles weighing 10 to 15 kg were sedated and anaesthetized as described [3] [4] [5] [6] .
Arterial occlusion model
This model has previously been described 3, 4 . Briefly, a percutaneous femoral puncture was used to reach bilateral maxillary, lingual or vertebral arteries with 2F microcatheters. Single coil occlusion of these arteries leads to thrombosis by one hour followed by recanalization by two weeks [3] [4] [5] . Angiographic and pathological findings are identical whether arteries are maxillary, lingual or vertebral [3] [4] [5] [6] . A 3 mm calibre 0.015 platinum coil 8 cm in length (Boston Sci-entific) was implanted into a 10 mm segment of each artery (treatment 1). Recanalization was inhibited using two different strategies: in situ beta radiation using 32P coils (treatment 2) or denudation of the endothelial lining (treatment 3) 3-6 . Treatments were allocated in a paired fashion (permutating right and left) for each strategy (radioactive vs. non-radioactive coil; platinum coil in denuded artery vs. coil in normal artery) as well as for controls (denudation only or no treatment) while locations (maxillary, lingual or vertebral) of paired comparisons were permuted from one animal to the other. In one group of animals 32 P coils (treatment 2) were compared to platinum coil embolization (treatment 1). 32 P coils were produced as previously described on a dedicated radioactive ion implanter 3, 4 . 32 P was purchased from Perkin Elmer Life Sciences. Coils were measured after implantation, identified and sterilized. Mean coil linear activities were 0.023 ± 0.018 µCi/cm.
In another group of animals, platinum coil embolization (treatment 1) was compared to denudation and coil occlusion (treatment 3). Denudation of the arterial wall was accomplished using an aneurysmal neck-bridge device (ANBD) 8, 9 . This platinum covered nitinol device was designed to assist coiling of widenecked aneurysms. It is composed of three loops 3 mm in diameter attached by a common stem. Typically five passes with rotations were performed in each arterial segment in an effort to scrape off the endothelial lining.
For molecular analyses, the main object of this publication, performed at one, four, seven and 14 days, we studied 24 arteries that were denuded and coiled, 56 arteries that were occluded with platinum (40) or radioactive (16) coils, without denudation, and 16 were denuded with the ANBD but not coiled. Sixteen intact arteries served as baseline controls.
Four to eight specimens per time point were used for RT-PCR analyses. To document the recanalization rates of arteries submitted to these different treatments, we studied a total of 124 arteries (73 occluded with radioactive coils, 39 with non-radioactive coils and 12 denuded and coiled) three months after embolization by angiography and macroscopic photography of pathology specimens. These animals were initially dedicated to the study of the safety of 32 Pcoils compared to platinum coils, which will be the subject of another publication 10 . Angiogra-phy was performed at the end of the procedure and immediately before sacrifice, if performed at seven days or more. Multiple projections following selective injections were interpreted in a blind fashion. Occlusion was defined as the absence of antegrade blood flow through the arterial segment. Any antegrade contrast opacification was sufficient to label the artery recanalized.
Macroscopic photography and pathology
Macroscopic and microscopic stereophotographs of cut sections of arteries were performed using a computerized imaging system (Clemex, Longueuil, Quebec). Organization and recanalization were evaluated at three months according to a qualitative scoring system 8, 11 . Briefly, sections were labelled score of 0 when dense conjunctive tissues occluded the lumen; score one when organized tissues presented small areas of recanalization; score two when a large crescent of recanalization was present; score three when recanalization of the lumen was complete, with a thin neointima covering the coils; and score four when only unorganized thrombus was found. We also more simply evaluated the specimens regarding patency (patent vs occluded). Arteries were studied after formalin fixation, coil removal by micro dissection, axial sectioning, and staining with hematoxylin-phloxine-saffron (HPS) and Movat's pentachrome stain, as described [3] [4] [5] . Im- munohistochemistry served to characterize cells using antibodies to smooth muscle a-actin and factor VIII [3] [4] [5] .
RT-PCR analysis
Isolation of total cellular RNA was performed using the Micro-to-Midi system (Invitrogen) according to the manufacturer's instructions. Aliquots of total cellular RNA (500 ng) were used for first strand cDNA synthesis in 20 µl reaction volume using Superscript II reverse transcriptase. After determining the linear range of PCRs for each of the target genes, amplification of the gene under investigation was carried out usingthe primers summarized in table 1 and chosen in two different exons to distinguish genomic contamination. PCR amplifications were performed with Platinium Taq DNA polymerase according to the manufacturer's instruction on an Eppendorf Mastercycler gradient using the following program: step 1, 94°C for one min; step 2, between 52 and 64°C for one min; and step 3, 72°C for one min (table 1). Forty cycles were performed for the amplification of genes of interest and 30 cycles for GAPDH. The amplification for each gene was in the linear curve. PCR products were visualized on 1.5% agarose gel stained with ethidium bromide and UV trans-illumination. Quantitative analysis was carried out using a computerized densitometric imager (ImageQuant) to obtain genes/GAPDH ratios.
Statistics
Angiographic occlusion rates and macroscopic photographic results were compared using Kruskal-Wallis test. mRNA levels, analysed by densitometry, were compared with analysis of variance followed, if necessary, by Tukey's contrast, taking onto consideration the effects of time and groups of treatment. To control the false discovery rate, the Benjamini and Hochberg correction was used. For all statistic tests, P<.05 was considered statistically significant.
Results
Angiographic results
All arteries treated by coils, radioactive or not, were occluded at the end of the procedures. Arteries treated by denudation only showed some minimal spasm but no occlusion. For the group of animals used for biochemical analyses, normal arteries treated with non-radioactive coils recanalized by 14 days (6/6), but some as early as seven days after embolization (3/8). Arteries treated by denudation and coil deposition remained occluded at seven (8/8) or 14 days (6/6). Arteries treated with radioactive coils remained occluded at seven (8/8) and 14 days (6/6).
At three months recanalization rates were 100%, 17% and 4% (P<.001) for non-radioactive coiling, coiling and denudation and embolization with radioactive coils respectively, in the group of animals used to assess the evolution of occlusion three months after treatments.
Pathology and macroscopic photography a) Microscopic analysis
Very early specimens (< 7 days) were degraded by the friability of the clot and the artefacts caused by the extraction of the metallic coils. By seven days recanalized channels in arteries treated with platinum coils could be recognized ( figure 1A) . They were endothelialized and surrounded by myofibroblasts in a fibrinous matrix. With time there was an increasing content of collagen. Arteries treated by denudation or radioactive coils did not show early endothelialized channels ( figure 1B) . At three months, arteries treated with radioactive coils or by denudation and coiling were occluded with conjunctive tissue of the same nature as the one found in recanalized arteries treated with platinum coils (figure 1C-E).
b) Photographic scores
At three months arteries treated with radioactive coils were more completely occluded and more organized than arteries treated with platinum coils or by denudation and coiling (P<.005; figure 1F -H). Arteries treated with denudation and coiling were not significantly different from arteries treated only by coiling in regard to organization ( figure 1G ).
Gene expression a) Genes associated with platinum coil occlusion and evolution with time and recanalization
Coil occlusion was followed by increased expression of some endothelial (vWF, CD31) and monocyte-macrophage markers (CD14), returning to control levels by 14 days except for CD14 ( figure 2A ). Statistical differences were found between days for vWF that increased to be maximal on day seven (P=.020) and SMA that decreased to be minimal on day seven (P=.042). MMPs increased after coil occlusion and statistical differences between times were found for MMP-9, maximal on day 14 (P=.043) and MMP-14, increasing from days four to seven (P=.002) while TIMP-2 decreased with time after day four (P=.064) and TIMP-4 remained unchanged ( figure 2B ). MCP-1 was elevated at all times, while TGF-b increased to be maximal on day seven (P=.219) and PDGF-BB decreased on day seven (P=.210). There was no significant modification of Angiopoietins ( figure 2C) .
b) Genes associated with strategies to prevent recanalization compared to platinum coil occlusion
There were significant differences between groups in the expression of vWF on days four and seven (P=.015): arteries treated with radioactive coils or with denudation and coiling showed decreased vWF as compared to platinum coils ( figure 3A) .
Arteries treated with radioactive coils showed a significant effect of time on the expression of vWF, with a progressive decrease, minimal on day 14 (P=.014), and on the expression of SMA, minimal on day seven (P=.015).
There was a significant increase in the expression of CD14 on days four and seven when arteries treated by radioactive or nonradioactive coils, but not when arteries were denuded and coiled (P=.002) ( figure 3B ).
There was no significant difference in expression of MMPs ( figure 3C) or TIMPs between groups.
There was decreased expression of MCP-1 with denudation and coiling as compared to platinum coils, but the difference was not significant (P=.20). As compared to arteries treated with platinum coils, arteries treated with radioactive coils or denudation and coiling showed lesser increased TGF-b1 on day seven ( figure 3D) , and increased expression of PDGF-BB on day seven, but again differences between groups were not significant. Arteries treated by denudation without coil occlusion showed decreased expression of vWF and SMA, with a rapid recovery and increased expression by day seven (P=.009), a recovery not shown when arteries were simultaneously coiled. 
Discussion
Arterial recanalization after coil occlusion is a cellular process that occurs in a delayed fashion, within days, and as such it should be distinguished from thrombolysis 3, 4, 12, 13 . There is a constant pattern after coil occlusion of canine arteries: occlusion persists for six to seven days but is reliably followed by recanalization by 15 days when coils are non-radioactive [3] [4] [5] .
The pertinence of the recanalization phenomenon in this arterial occlusion model is supported by studies showing that its inhibition, through radiation or endothelial denudation, leads to better angiographic outcome in experimental aneurysm models that have a propensity to recur [3] [4] [5] . This model differs from the clinical situation where selective occlusion of the aneurysm is attempted, while flow in the parent vessel is preserved. The model allows the study of the recanalization phenomenon independently from other variables, such as geometry, residual flows in residual necks and aneurysm size. Because 'treated' and 'control' arteries are compared in a paired fashion, biological variability may be decreased. There is a theoretical concern that treatment of one artery may affect results in another location. The beta radiation emitted from 32 P-coils penetrates only a few mm of tissues 4 . Because different locations were at least 10 cm apart one from the other, it is improbable that radiation emitted from one location affects another target artery. Finally, constant recanalization of arteries treated with platinum coils, irrespective of location or of groups suggests that a treat- Figure 3 Genes associated with recanalization or its inhibition. mRNA levels of vWF, CD14, MMP-9 and TGF-b1 between the three treatment groups, are plotted as specimen/control artery ratio, according to time. *: P=.015. A C B D ment that prevents recanalization in one location does not preclude recanalization in the other.
We were mainly interested in the differential gene expression in arteries that recanalized or not. The arterial occlusion model provided a simple and reproducible model to study genes associated with recanalization or its inhibition without the variability intrinsic to aneurismal models. If recanalization of coiled arteries is pertinent to aneurysm recurrences, the search for associated mechanisms may provide future avenues to improve endovascular treatment without the potential drawbacks of radiation or mechanical denudation of aneurysms.
We concentrated our molecular investigation on the first two weeks because functional effects of recanalization were effective at two weeks in all cases, and because in the absence of recanalization (using denudation or radiation) during this early period, it did not occur later on when animals were followed for three months 3 .
Molecular patterns associated with platinum coil occlusion can be interpreted in the light of our initial hypothesis, combining gene expression involved in both neointima formation and angiogenesis. The most important finding was increased vWF mRNA levels, maximal at seven days, compatible with the early formation of endothelialized channels through the clot. This pattern was inhibited by both strategies designed to prevent recanalization (figure 2,3). Although platelets contain small amounts of vWF mRNA 14, increased expression persisted at seven days only in arteries treated with platinum coils (figure 3). The major source of vWF mRNA is endothelial; thus we propose that vWF was a marker of endothelial invasion essential to recanalization. We have shown that recanalization was associated with the formation of endothelial cell-lined longitudinal channels crossing the thrombotic occlusion 3, 4 ( figure 1A) . The evolution of SMA mRNA levels was more complex; we hypothesize an initial decrease caused by medial trauma or disuse related to absence of blood flow, compensated by progressive infiltration of myofibroblasts, maximal by 14 days. The fact that differences in vWF mRNA, but not SMA mRNA levels, were observed in the presence or the absence of recanalization, suggests that permanent occlusion obtained with radioactive coils, or denudation and coiling, is due to inhibition of recanalization, rather than to stimulation of neointima formation.
The origin and nature of recanalizing and neointimal cells remains a subject of debate; they could come from migration of parietal cells or seeding of circulating cells.
The role of circulating bone marrow-derived cells has been emphasized in experiments where deficient organization and recanalization in uPA-/-mice were rescued by infusion of wild type "progenitor" cells 13 . Bone marrow cells have a varying contribution to neointima formation, depending on animal models 15, 16 and various circulating cellular lineages may be involved in organization or recanalization 12, 16, 17 . The fact that the original endothelial lining seems essential to recanalization is at first glance an argument against the role of circulating progenitor cells in this phenomenon, but perhaps some sort of cellular cross-talk or signal from endothelial cells, is necessary for recruitment and orderly adhesion of circulating cells 18 . Human CD 34+ cord blood cells can differentiate into cells that express both vWF and SMA 19 . The controversy regarding the role or even the identity of circulating cells in angiogenesis is underlined by reports proposing that they may be derived from bone marrow monocyte lineage cells 20, 21 and may be more active by secreting growth factors than by a direct cellular participation in the construction of the "new vessels" 22 . A role for monocytes drilling tunnels has recently been described in recanalization, an observation made in MCP-1 overexpressing mice 18 . In this experiment CD14 mR-NA levels, a marker of monocyte-lineage cells were increased in arteries treated with both radioactive and non-radioactive coils. Local recruitment of CD14+ cells seems to require the presence of the endothelial lining perhaps through MCP-123, since CD14 was not increased when arteries were treated by denudation and coiling (P=.002). However, increased CD14 expression does not seem to discriminate arteries that recanalize from those that remain occluded ( figure 3B) .
Growth factor mRNA patterns were not significantly different but one may wonder if an important finding is missed because of the small number of observations.
The MMPs play a central role in degrading extracellular matrix, a necessary step for angiogenesis, which could also be important to thrombus organization and recanalization, at least for MMP-9 ( figure 2B ). There was no significant difference however between coiled arteries that recanalize and those treated with 32 P coils or denudation ( figure 3C) .
The present work differs from our previous publication in murine carotid arteries in which recanalization was less reliable (found in only half of animals), and in which vWf was found to be decreased after radioactive or non-radioactive coil occlusion, perhaps from unavoidable endothelial injury during coil implantation in such a small animal model 24 . It did not permit to identify mechanistic molecular events that would offer a comprehensive understanding of recanalization, in contrast to organization, after coil occlusion. We assumed that both methods to prevent recanalization would act through a common mechanism, but this assumption remains uncertain. Healing after coil occlusion involves two phenomena, recanalization and organization of thrombus. Recanalization, at the molecular level, translates into increased level of vWF mRNA. It is still unclear whether this observation reveals a cause or an effect of recanalization, or is merely epiphenomenal. Furthermore, it is unknown if it applies to human aneurysms. Strategies designed to prevent early seeding or migration of endothelial or progenitor cells could promote permanent occlusion of aneurysms, but perhaps at the cost of increased risks of thromboembolic complications.
Potential weaknesses of this work include 1) that we may not have selected the appropriate genes potentially responsible for recanalization and 2) the small number of animals for each time point used for molecular analysis. It is also important to emphasize that RT-PCR gives no indication regarding biological activity.
Conclusions
Endothelial denudation and in situ beta radiation can prevent recanalization. At the level of a molecular language, recanalization translates into early increased of vWF mRNA levels. Strategies designed to prevent the formation of endothelialized channels may prevent recanalization.
